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(57) ABSTRACT

A method for controlling an anti-sound system includes mea-
suring sound within an exhaust system of a vehicle, calculat-
ing a control signal based on the measured sound, calculating
a thermal load to be expected of the at least one loudspeaker
of the anti-sound system during operation with a control
signal based on a mathematical model of a thermal behavior
ol the loudspeaker and/or a mechanical load to be expected of
the at least one loudspeaker of the anti-sound system based on
a mathematical model of a mechanical behavior the loud-
speaker, comparing the calculated thermal and/or mechanical
load with a specified maximum load, operating the loud-
speaker with the control signal, if the calculated thermal
and/or mechanical load 1s smaller than or equal to the maxi-
mum load, and changing the spectrum of the control signal, in
order to recetve a corrected control signal, 1f the calculated
load 1s greater than the maximum load.

22 Claims, 6 Drawing Sheets
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1

OVERLOAD PROTECTION FOR
LOUDSPEAKERS IN EXHAUST SYSTEMS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of priority under 35
U.S.C. §119 of Patent Application No. 10 2011 117 495.1,

filed Nov. 2, 2011 in Germany, entitled “Uberlastungsschutz
fur Lautsprecher in Abgasanlagen™, the contents of which 1s
hereby incorporated by reference 1n 1ts entirety.

FIELD OF THE INVENTION

The mvention relates to an overload protection for loud-
speakers which are used 1n exhaust systems of vehicles driven
by combustion engines for the active cancellation or 1ntlu-
encing ol sound waves.

BACKGROUND OF THE INVENTION

Irrespective of the combustion engine design (e.g. recipro-
cating engine, rotary piston engine or free-piston engine),
noises are generated resulting from the consecutive working,
cycles (1n particular intake and compression of a fuel/air
mixture, power and exhaust of the combusted fuel/air mix-
ture), on the one hand, these noises pass through the combus-
tion engine as structure-borne sound and are then radiated as
airborne sound from the outside of the combustion engine, on
the other hand, these noises are passing as airborne sound
together with the combusted fuel/air mixture through an
exhaust system of the combustion engine.

These noises are frequently perceived as disadvantageous,
on the one hand, legal provisions for noise abatement exist,
which have to be complied with by the manufacturers of
vehicles operated with combustion engines. These legal pro-
visions normally specily a maximum permissible sound pres-
sure during the operation of the vehicle. Manufacturers, on
the other hand, try to make sure that the vehicles operated
with combustion engines they produce have a characteristic
noise emission, intended to match the image of the respective
producer and to appeal to customers. With modern engines
that have low volumetric displacement, this characteristic
noise emission can Irequently no longer be ensured by ordi-
nary means.

The noises which are passing through the combustion
engine as structure-borne sound can be attenuated easily and
are there-fore no problem with respect to noise abatement, as
a rule.

The noises passing through the exhaust system as airborne
sound together with the combusted fuel/air mixture are
reduced by muttlers positioned upstream of the rear opening,
of the exhaust system. These muitlers may be positioned
down-stream of catalytic converters, 1f present. Such muiilers
can operate according to the absorption principle and/or
reflec-tion principle, for example. Both operating methods
have the disadvantage that they require a comparatively large
volume and create relatively high resistance against the com-
busted fuel/air mixture, which means that the overall effi-
ciency of the vehicle drops, while the fuel consumption
1ncreases.

As an alternative or 1n addition to mufllers, so-called anti-
sound systems are being developed for some time, which
superimpose electroacoustically generated anti-sound on air-
borne sound generated in the combustion engine and passing,
through the exhaust system. Such systems are known, for
example, from the documents U.S. Pat. Nos. 4,177,874,
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2
5,229,556, 5,233,137, 5,343,533, 5,336,856, 5,432,857,
5,600,106, 5,619,020, EP 0373 188, EP 0674 097, EP 0 735
045, EP 0916 817, EP 1 055804, EP 1 627 996, DE 197 31
596, DE 10 2006 042 224, DE 10 2008 018 085 and DE 10
2009 031 848.

Such anti-sound systems normally utilize a so-called Fil-
tered-x Least Mean Squares (FxLMS) algorithm, which
endeavors to control an error signal down to zero. This error
signal 1s measured by means of an error microphone. The
error signal 1s endeavored to be controlled down to zero by the
output of sound by means of at least one loudspeaker that 1s
connected by a fluid connection with the exhaust system.

In order to accomplish a destructive interference of the
sound waves of the airborne sound generated by the combus-
tion engine and conducted in the exhaust system and the
anti-sound generated from the loudspeaker, the sound waves
originating from the loudspeaker must correspond to the
sound waves generated by the combustion engine and con-
ducted 1n the exhaust system 1n terms of amplitude and fre-
quency. However, the sound waves originating from the loud-
speaker must comprise a phase shift of 180° relative to the
airborne sound generated by the combustion engine and con-
ducted 1n the exhaust system. The anti-sound for each fre-
quency band of the airborne sound conducted 1n the exhaust
pipe 1s calculated separately by means of the FXLMS algo-
rithm, by determining a suitable frequency and phase position
ol two sine wave oscillations that are shifted relative to one
another by 90°, and by calculating the amplitudes for these
sine wave oscillations. The purpose of anti-sound systems 1s
that the sound cancellation 1s audible and measurable at least
outside of the exhaust system, but also 1nside of 1t, 1f neces-
sary. In this document, the term anti-sound 1s used to distin-
guish the sound generated by the loudspeaker from the air-
borne sound generated by the combustion engine and
conducted 1n the exhaust system. When considered by 1tsell,
anti-sound 1volves normal airborne sound.

A respective anti-sound system 1s supplied by the company
J. Eberspacher GmbH & Co. KG, Eberspacherstrasse 24,
73’730 Esslingen, Germany.

It 1s a disadvantage with known anti-sound systems for
exhaust systems that the continuous operation of the loud-
speaker can produce a thermal overload of the loudspeaker
and especially of an oscillator coil of the loudspeaker and/or
a mechanical overload (of a diaphragm or spider, for
example) of the loudspeaker.

To prevent a thermal overload of the oscillator coil of a
loudspeaker, it 1s proposed 1n WO 02/21879 to calculate the
expected heating up of the oscillator coil when a signal 1s
provided to the loudspeaker by means of a mathematical
model of the thermal behavior of the loudspeaker and in
particular of the oscillator coil, and to reduce the amplitude of
the signal provided to the loudspeaker 11 necessary such, that
a speciflied temperature of the oscillator coil will not be
exceeded.

The solution proposed from WO 02/21879, however, 1s not
suitable for loudspeakers of anti-sound systems for exhaust
systems. When the signal provided to the loudspeaker 1s
reduced 1n 1ts amplitude, 1t can no longer be ensured that the
legal provisions with respect to the maximum permissible
sound pressure for the operation of the vehicle can be com-
plied with. Moreover WO 02/21879 does not consider any
mechanical overload.

SUMMARY OF THE INVENTION

Embodiments of the present invention thus seek to provide
an overload protection for loudspeakers of anti-sound sys-
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tems for exhaust systems which effectively prevents thermal
overloading of an oscillator coil of the loudspeakers and/or
mechanical overloading (of a diaphragm or a spider, for
example) of the loudspeakers and at the same time adequately
ensures that a permissible sound pressure of the airborne
sound conducted 1n the exhaust system 1s not exceeded.
Embodiments relate to a method to control an anti-sound
system for an exhaust system of a vehicle operated by a
combustion engine for generating an anti-airborne sound 1n
the exhaust system based on measured sound in order to
cancel at least partially or preferably completely both in value
and phase the airborne sound generated by a combustion
engine and conducted in the exhaust system, 1n the vicinity of
the position at which the sound 1s measured in the exhaust
system. This sound cancellation should be audible and mea-
surable at least outside of the exhaust system, but preferably
also within the exhaust system. In this context “in the vicinity
of the position at which the sound 1s measured” means that the
position at which the sound 1s at least partially canceled 1s at
a distance downstream or upstream the exhaust gas flow from
the position, at which the sound i1s measured, which 1s not
more than ten times and particularly not more than five times
and more particularly not more than double of the maximum
diameter of the exhaust system at the position at which the
sound 1s measured, along the exhaust gas flow. The method
comprises the steps of measuring sound inside of the exhaust
system and calculating a control signal based on the measured
sound. The control signal can be determined 1n a way that it
results 1n a complete or partial cancellation of the airborne
sound, 11 a loudspeaker arranged in the exhaust system 1s
operated with the control signal. The method moreover com-
prises the step of calculating a thermal load of the at least one
loudspeaker (and especially the oscillator coil of the at least
one loudspeaker) of the anti-sound system that 1s to be
expected when the at least one loudspeaker (and especially
the oscillator coil of the at least one loudspeaker) 1s operated
with the control signal by means of a mathematical model of
the loudspeaker and especially oscillator coil (and especially
a mathematical model of a thermal behavior of the at least one
loudspeaker (and especially of the oscillator coil of the at least
one loudspeaker)) and/or a mechanical load of the at least one
loudspeaker that 1s to be expected when the at least one
loudspeaker (and especially a diaphragm or spider of the at
least one loudspeaker, for example) of the anti-sound system
1s operated with the control signal based on a mathematical
model of the loudspeaker (and especially a mathematical
model of a mechanical behavior of the at least one loud-
speaker (and especially of a diaphragm or spider of the at least
one loudspeaker)). Thus, either one of the thermal load and
the mechanical load 1s calculated, or both of the thermal load
and the mechanical load are calculated. The respective math-
ematical model can exist in the form of a formula, character-
1stic curve, or a table, for example. For this purpose, the
mathematical model can be designed with respect to the ther-
mal load of the oscillator coil of the at least one loudspeaker
such as 1s described 1n WO 02/21879, for example. Reference
1s made to the corresponding teaching of this document 1n 1ts
entirety. The method furthermore comprises a step of com-
paring the calculated thermal load and/or calculated mechani-
cal load with a specified maximum load. One common maxi-
mum load value or separate maximum load values can be set
for the thermal load and the mechanical load. The method
turthermore comprises a step of operating the at least one
loudspeaker with the control signal, should the calculated
thermal load and/or calculated mechanical load be smaller
than or equivalent to the respective maximum load. The
method furthermore comprises steps of changing the spec-
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trum of the control signal 1n order to obtain a corrected control
signal, 1f the calculated thermal load and/or calculated
mechanical load 1s greater than the respective maximum load
and of operating the at least one loudspeaker with the cor-
rected control signal. The reduction of the thermal load of the
at least one loudspeaker and/or of the mechanical load of the
at least one loudspeaker will thus not be achieved by a general
decrease of the amplitude of the control signal across all
frequencies, but rather by a change of the spectrum of the
control signal. The amplitudes of the frequencies, which only
contribute a small amount to the sound cancellation, can be
set to zero, for example.

According to a first embodiment, the step of changing the
spectrum of the control signal comprises sub-steps of com-
paring amplitudes of individual frequencies of the control
signal with a threshold value, of setting the amplitudes of
those frequencies of the control signal to zero, the amplitudes
of which are smaller than or equal to the threshold value, 1n
order to obtain a corrected control signal, and of calculating a
thermal load of the at least one loudspeaker (and especially of
an oscillator coil of the at least one loudspeaker) of the anti-
sound system to be expected during operation with the cor-
rected control signal by means of a mathematical model of the
at least one loudspeaker and especially oscillator coil (and
especially a mathematical model of a thermal behavior of the
at least one loudspeaker (and especially of the oscillator coil
of the at least one loudspeaker)) and/or a mechanical load of
the at least one loudspeaker (and especially of a diaphragm or
spider of the at least one loudspeaker) of the anti-sound sys-
tem to be expected during operation with the corrected con-
trol signal by means of a mathematical model of the at least
one loudspeaker (and especially a mathematical model of a
mechanical behavior of the at least one loudspeaker (and
especially of a diaphragm or spider of the at least one loud-
speaker)). According to the first embodiment, the step of
changing the spectrum of the control signal further comprises
sub-steps of comparing the calculated thermal load and/or
calculated mechanical load with the respective specified
maximum load, of increasing the threshold value and repeat-
ing the above steps, 1f the calculated thermal load and/or
calculated mechanical load 1s greater than the respective
maximum load, and of operating the at least one loudspeaker
with the corrected control signal, as soon as the calculated
thermal load and/or calculated mechanical load 1s smaller or
equal to the respective maximum load. Thus, 1n this embodi-
ment the amplitudes of frequencies below the threshold value
are set to zero. Thus, the spectrum of the control signal 1s
changed to the extent that frequencies with small amplitudes
are canceled.

However, the present mvention 1s not limited to setting
amplitudes of frequencies to zero 1n case the amplitudes are
below the threshold value. For reasons of sound design, it can
alternatively be usetul to set frequencies with large ampli-
tudes to zero and to leave frequencies with small amplitudes
unchanged. In this case, the amplitudes of those frequencies
of the control signal are set to zero, which amplitudes are
higher than the threshold value, 1 order to obtain a corrected
control signal. Furthermore, the threshold value 1s decreased
before repeating the preceding steps of the method, i the
calculated thermal load and/or calculated mechanical load of
the at least one loudspeaker resulting from usage of the cor-
rected control signal 1s still greater than the respective maxi-
mum load.

According to a second embodiment, the step of changing
the spectrum of the control signal comprises sub-steps of
allocating frequencies of the control signal to engine orders of
the combustion engine, of setting amplitudes of those fre-
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quencies of the control signal to zero, the engine order of
which 1s larger than or equal to a threshold value 1n order to
obtain a corrected control signal, and of calculating a thermal
load of the at least one loudspeaker (and especially of an
oscillator coil of the at least one loudspeaker) of the anti-
sound system to be expected during operation with the cor-
rected control signal by means of a mathematical model of the
at least one loudspeaker and especially oscillator coil (and
especially a mathematical model of a thermal behavior of the
at least one loudspeaker (and especially of the oscillator coil
of the at least one loudspeaker)) and/or a mechanical load of
the at least one loudspeaker (and especially of a diaphragm or
spider of the at least one loudspeaker) by means of a math-
ematical model of the at least on loudspeaker (and especially
a mathematical model of a mechanical behavior of the at least
one loudspeaker (and especially of a diaphragm or spider of
the at least one loudspeaker)). According to the second
embodiment, the step of changing the spectrum of the control
signal further comprises sub-steps of comparing the calcu-
lated thermal load and/or calculated mechanical load with a
respective specified maximum load, of decreasing the thresh-
old value and repeating the above steps, 1 the calculated
thermal load and/or calculated mechanical load 1s greater
than the respective maximum load, and of operating the at
least one loudspeaker with the corrected control signal as
soon as the calculated thermal load and/or calculated
mechanical load 1s smaller than or equal to the respective
maximum load. Thus, in this embodiment frequencies that
are to be allocated to a high engine order above the threshold
value are set to zero. In consequence, the spectrum of the
control signal 1s changed to the extent that frequencies allo-
cated to lower engine orders are retained, whereas frequen-
cies allocated to higher engine orders are canceled.

The present invention 1s not limited to this, however. For
reasons of the sound design, 1t may be usetful that frequencies,
which are to be allocated to lower engine orders, are set to
zero and Ifrequencies, which are to be allocated to higher
engine orders, are left unchanged. In this case, the amplitudes
of those frequencies of the control signal would be set to zero,
the engine order of which are smaller than the threshold value,
in order to obtain a corrected control signal. Furthermore, the
threshold value would be increased before repeating the pre-
ceding steps of the method, 1f the calculated thermal load
and/or calculated mechanical load of the at least one loud-
speaker resulting from usage of the corrected control signal
would still be greater than the respective maximum load.

In this context, the term “engine order” 1s defined as fol-
lows: Combustion engines are non-linear, oscillating sys-
tems. These systems have a spectrum, which apart from a
tfundamental frequency also has multiples of the fundamental
frequency. Integer multiples are designated as harmonics.
During a variable fundamental frequency, the frequencies of
the multiples of the fundamental frequency vary both
between each other as well as 1n constant ratio to the funda-
mental frequency. They are then designated as orders,
wherein the ordinal number indicates the factor to the funda-
mental frequency. The second engine order, for example, 1s
that frequency curve which corresponds to double the engine
speed. Because of the step-up or step-down ratios, non-inte-
ger and 1n particular half-step orders are feasible in real
engine systems.

According to an alternative defimition that 1s applicable to
the present invention, the “engine order” 1s the frequency of a
periodic event 1n Hertz multiplied by 60 and the result being,
divided by the rotational speed of the engine in rpm. Thus, a
periodic event (and the sound generated by this event) occur-
ring once per rotation of a crankshatt of the engine belongs to
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the first engine order, for example. In this way all periodic
events (and sound generated by these events) occurring 1n a
combustion engine can be allocated to a certain engine order.

According to a third embodiment, the step of changing the
spectrum of the control signal comprises the sub-steps of
detecting signal components which can either be only poorly
percerved or not percerved at all by the human ear, by means
of a psychoacoustical model of the human ear, of setting
amplitudes of those signal components of the control signal to
zero the perceptibility of which by the human ear 1s smaller
than or equal to a threshold value, in order to obtain a cor-
rected control signal, of calculating a thermal load of the at
least one loudspeaker (and especially of an oscillator coil of
the at least one loudspeaker) of the anti-sound system to be
expected during operation with the corrected control signal
by means of a mathematical model of the at least one loud-
speaker and especially oscillator coil (and especially a math-
ematical model of a thermal behavior of the at least one
loudspeaker (and especially of the oscillator co1l of the at least
one loudspeaker)) and/or a mechanical load of the at least one
loudspeaker (and especially of a diaphragm or spider of the at
least one loudspeaker) of the anfti-sound system to be
expected during the operation with the corrected control sig-
nal of the anti-sound system by means of a mathematical
model of the at least one loudspeaker (and especially a math-
ematical model of a mechanical behavior of the at least one
loudspeaker (and especially of a diaphragm or spider of the at
least one loudspeaker)), and of comparing the calculated ther-
mal load and/or the calculated mechanical load with a respec-
tive specified maximum load. According to the third embodi-
ment, the step of changing the spectrum of the control signal
further comprises the sub-steps of increasing the threshold
value and repeating the above steps, 1 the calculated thermal
load and/or calculated mechanical load 1s larger than the
respective maximum load, and of operating the at least one
loudspeaker with the corrected control signal, as soon as the
calculated thermal load and/or calculated mechanical load 1s
smaller than or equal to the respective maximum load. In this
mannetr, 1t 1s possible to specifically dispense with those sig-
nal components that would not be perceived anyway by the
human ear with standard hearing capacity. Embodiments can
particularly take into account the human tone audiogram for
normal hearing and/or marker effects, which particularly
occur with weak frequency components 1n the proximity of
strong overtones. In this context, one can refer to the tech-
nologies described in the standard ISO/IEC 11172-3 and
ISO/IEC 13818-3 (MPEG-1 Audio Layer III and MPEG-2
Audio Layer III).

According to a fourth embodiment, the step of changing
the spectrum of the control signal includes the sub-steps of
detecting signal components of the control signal, which are
in a resonance range of the at least one loudspeaker by using
a mathematical model of the a least one loudspeaker (and
especially a mathematical model of a vibration behavior of
the at least one loudspeaker) (the loudspeaker especially
including the oscillator coil), of increasing the amplitudes of
those signal components of the control signal, which are 1n
the resonance range of the at least one loudspeaker, 1n order to
obtain a corrected control signal, and of calculating the
expected thermal load of the at least one loudspeaker (and
especially of an oscillator coil of the at least one loudspeaker)
of the anti-sound system to be expected during operation with
the corrected control signal by means of a mathematical
model of the at least one loudspeaker and especially oscillator
coil (and especially a mathematical model of a thermal behav-
ior of the at least one loudspeaker (and especially of the
oscillator coil of the at least one loudspeaker)) and/or a
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mechanical load of the at least one loudspeaker (and espe-
cially of a diaphragm or spider of the at least one loudspeaker)
of the anti-sound system during the operation with the cor-
rected control signal by means of a mathematical model of the
at least one loudspeaker (and especially a mathematical
model of a mechanical behavior of the at least one loud-
speaker (and especially of a diaphragm or spider of the at least
one loudspeaker)). According to the fourth embodiment, the
step of changing the spectrum of the control signal further
includes the sub-steps of comparing the calculated thermal
load and/or the calculated mechanical load with a respective
specified maximum load, of reducing the amplitudes of those
signal components of the control signal which are in the
resonance range of the at least one loudspeaker and of repeat-
ing both of the last steps above, if the calculated mechanical
load 1s greater than the maximum load. In this context, the
extent of reducing the amplitude 1s not equal to the preceding
raise ol amplitude, 1.e. larger or smaller. According to the
fourth embodiment, the step of changing the spectrum of the
control signal further includes the sub-steps of increasing the
amplitudes of those signal components of the control signal,
which are in the resonance range of the at least one loud-
speaker once again and of repeating the two last steps above,
if the calculated mechanical load 1s smaller than or equal to
the maximum load and at the same time the calculated ther-
mal load 1s greater than the maximum load. As soon as the
calculated thermal load and/or calculated mechanical load are
smaller than or equal to the respective maximum load, a step
follows of operating the at least one loudspeaker with the
corrected control signal.

By increasing the amplitudes of those signal components
of the control signal which are 1n the resonance range of the at
least one loudspeaker, a slight increase of the amplitudes of
individual signal components produces a superproportional
deflection of the respective loudspeaker diaphragm. As a
result, the airflow conducted past the oscillator coil of the
loudspeaker 1ncreases, and the self-cooling of the oscillator
coil therefore increases to an extent which overcompensates
the additional temperature increase of the oscillator coil due
to the increase 1n amplitude. Accordingly, a slight reduction
ol those signal components of the control signal, which are 1n
the resonance range of the at least one loudspeaker, results 1in
a superproportional decrease of the detlection of the respec-
tive loudspeaker diaphragm.

In embodiments, the specified maximum load 1s a tempera-
ture value and/or a maximum deflection of the diaphragm of
the at least one loudspeaker and 1s therefore a time-indepen-
dent value.

Pursuant to alternative embodiments, the specified maxi-
mum load 1s a function of temperature and duration and/or a
function of a maximum detlection of a diaphragm of the at
least one loudspeaker and a frequency of occurrence. The
maximum load 1s therefore exceeded only then, when a tem-
perature value 1s exceeded for a certain minimum period,
and/or a maximum deflection occurs too frequently within a
time 1nterval. For this purpose, the collective of temperature
and/or deflection can be evaluated according to the rules of
the linear accumulation of damage. In this manner, transient
loads, which do not yet impair the service life of the respec-
tive loudspeaker, can be tolerated.

According to embodiments, the mathematical model of the
at least one loudspeaker and especially oscillator coil (and
especially the mathematical model of a thermal behavior of
the at least one loudspeaker (and especially of the oscillator
coil of the at least one loudspeaker)) takes into account at least
one ol the parameters from ambient temperature, atmo-
spheric pressure, air humidity, signal of a rain sensor, exhaust
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gas temperature, engine speed, engine torque, and the airflow
against the respective loudspeaker when driving. For this

purpose, the air humidity can be used to adapt the heat capac-
ity of the air surrounding the respective loudspeaker. The
output signal of the rain sensor permits a confidence region
for the outside temperature and air humidity. Some or all of
the above values can be provided on a CAN bus of an engine
control unit of a vehicle.

Embodiments of an anti-sound system for exhaust systems
ol a vehicle driven by a combustion engine have an anti-sound
control umt, at least one loudspeaker, and an error micro-
phone. For this purpose, the at least one loudspeaker 1s con-
nected with the anti-sound control unit for the reception of
control signals and adapted to produce anti-sound 1n a sound
generator, which can be placed 1n a fluid connection with the
exhaust system, depending on the control signals recerved
from the anti-sound control unit. The error microphone 1s
furthermore connected with the anti-sound control unit and 1s
arranged 1n a position of the exhaust system situated 1n the
vicinity of the fluid connection between sound generator and
exhaust system, and 1s adapted to measure sound within the
exhaust system and to provide a corresponding measuring
signal to the anti-sound control unit. In this context, “in the
vicinity of the fluid connection” means that the error micro-
phone 1s at a distance from the fluid connection between the
sound generator and the exhaust system downstream or
upstream on this tluid connection along the exhaust gas flow
that 1s not more than ten times and particularly not more than
five times and more particularly not more than double of the
maximum diameter of the exhaust system at this fluid con-
nection along the exhaust gas flow. The anti-sound control
unit 1s adapted for executing the method described above, in
order to cancel signals recerved from the error microphone
(and thus airborne sound conducted in the exhaust system) at
least partially and preferably completely both 1n value and
phase by outputting the control signal to the at least one
loudspeaker. This sound cancellation should be audible and
measurable at least outside of the exhaust system, but prefer-
ably also within the exhaust system.

Embodiments of a vehicle comprise a combustion engine,
an exhaust system that has a fluid connection with the com-
bustion engine, and the anti-sound system described above,
wherein the sound generator 1s connected with the exhaust
system and the error microphone 1s arranged in or on the
exhaust system.

In this context 1t 1s pointed out that 1n this document, unless
not specifically explicitly stated otherwise, the term *“control™
1s used overall synonymously with the term “regulate,” other
than what 1s commonly used 1n the German language. This
also concerns all grammatical variations of both terms. In this
document, the term “control” can therefore comprise a refer-
ence to a control variable and/or its measuring value, same as
the term “regulation” can also refer to a simple control chain.

Moreover, it 1s pointed out that the terms used in this
specification and 1n the claims for the enumeration of fea-
tures, such as “encompass,” “comprise,” “include,” “contain’™
and “with,” as well as their grammatical variations, are gen-
erally to be understood as a non-conclusive enumeration of
teatures, such as method steps, equipment, areas, factors and
suchlike, and by no means excludes the existence of other or
additional features or groupings of other or additional fea-
tures.

BRIEF DESCRIPTION OF THE DRAWINGS

The forgoing as well as other advantageous features of the
invention will be more apparent from the following detailed
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description of exemplary embodiments of the invention with
reference to the accompanying drawings. It 1s noted that not

all possible embodiments of the present invention necessarily
exhibit each and every, or any, of the advantages i1dentified
herein.

Further features of the invention result from the subsequent
description of embodiments in conjunction with the claims
and the figures. In the figures, the same and/or similar ele-
ments are designated with the same and/or similar reference
symbols. It 1s pointed out that the invention 1s not limited to
the embodiments of the described examples of embodiments,
but 1s determined by the scope of the enclosed claims. In
particular, the individual features of the embodiments as
taught by the invention can be realized in a different quantity
and combination than in the examples cited below. In the
following explanation of some embodiments of the invention,
reference 1s also made to the enclosed Figures, of which:

FI1G. 1 1s a schematic and perspective view of an anti-sound
system according to an embodiment of the invention;

FIG. 2 1s a schematic block diagram of the anti-sound
system from FIG. 1 1n interaction with an exhaust system of
a combustion engine of a vehicle;

FIG. 3 1s a flow diagram of a method for controlling the
anti-sound system for exhaust systems from FIGS. 1 and 2
according to a general embodiment;

FIG. 4A 1s a flow diagram of a method for controlling the
anti-sound system for exhaust systems from FIGS. 1 and 2
according to a first embodiment;

FI1G. 4B 1s a flow diagram of a method for controlling the
anti-sound system for exhaust systems from FIGS. 1 and 2
according to a second embodiment;

FI1G. 4C 1s a flow diagram of a method for controlling the
anti-sound system for exhaust systems from FIGS. 1 and 2
according to a third embodiment; and

FI1G. 4D 1s a flow diagram of a method for controlling the
anti-sound system for exhaust systems from FIGS. 1 and 2
according to a fourth embodiment.

DESCRIPTION OF THE PR
EMBODIMENTS

L1
M

ERRED

In the exemplary embodiments described below, compo-
nents that are alike 1n function and structure are designated as
far as possible by alike reference numerals. Therefore, to
understand the features of the individual components of a
specific embodiment, the descriptions of other embodiments
and of the summary of the invention should be referred to.

It should be noted 1n this context that the terms “comprise”,
“include”, “having” and “with”, as well as grammatical
modifications thereof used in this specification or in the
claims, indicate the presence of technical features such as
stated components, figures, integers, steps or the like, and by
no means preclude the presence or addition of one or more
alternative features, particularly other components, figures,
integers, steps or groups thereof.

An anti-sound system 7 according to an embodiment of the
invention 1s subsequently described with reference to the
FIGS. 1 and 2.

The anti-sound system 7 comprises a sound generator 3 in
the form of a sound-insulated housing, which contains a
loudspeaker 2 and 1s in fluid connection with an exhaust
system 4 1n the vicinity of a tailpipe 1.

The tailpipe 1 has an opening 8 to discharge exhaust gas
conducted 1n the exhaust system 4 to the outside.

An error microphone 5 in the form of a pressure sensor 1s
provided on the tailpipe 1. The error microphone 5 measures
pressure tluctuations and therefore sound inside of the
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tailpipe 1 1n a section downstream of an area, in which the
fluid connection between the exhaust system 4 and the sound
generator 3 1s provided. It 1s emphasized, however, that the
present invention 1s not limited to such type of arrangement of
the error microphone. Generally it 1s suflicient, 1f the error
microphone 1s at a distance downstream or upstream with
reference to the exhaust gas tlow from the fluid connection
between the sound generator and the exhaust system that 1s
not more than ten times and particularly not more than five
times and more particularly not more than double of the
maximum diameter of the exhaust system at this fluid con-
nection.

The loudspeaker 2 and the error microphone 5 are electri-
cally connected with an anti-sound control unit 10.

The exhaust system 4 can furthermore comprise a catalytic
converter (not shown) positioned between a combustion
engine 6 and the tailpipe 1 for purilying the exhaust gas
emitted from the combustion engine 6 and conducted in the
exhaust system 4.

The combustion engine 6 and the anti-sound system 7 are
integrated 1nto a vehicle 11. Components of the vehicle 11
that are of no significance with respect to the present inven-
tion such as a carriage including wheels, user interfaces such
as a steering wheel etc. are not shown 1n the Figures.

The functionality of the above anti-sound system 7 will
subsequently be explained 1n greater detail by means of the
flow diagrams from FIGS. 3, 4A, 4B, 4C and 4D.

The general principle of operation of the anti-sound control
unit 10 1s shown 1n FIG. 3.

Initially, 1n step S1, the sound that 1s conducted 1nside of
the exhaust system 1s measured by means of the error micro-
phone 5 1n the vicinity of the tailpipe 1.

In the following step S2, the anti-sound control unit 10
calculates a control signal by means of the measured sound,
using a Filtered-x Least Mean Squares (FxLLMS) algorithm,
where said control signal permits extensive cancellation of
the sound carried inside of the exhaust system, by application
with anti-sound.

Thereatter (S3), the anti-sound control unit 10 calculates
the thermal load of an oscillator coil of the loudspeaker 2
which 1s to be expected during operation with the control
signal, using a mathematical model of the oscillator coil (and
especially of the thermal behavior of the oscillator coil) which
1s stored 1n the anti-sound control unit. In this context, the
model of the loudspeaker 2 described mn WO 02/21879 1s
used, wherein the ambient temperature of a vehicle which
holds the anti-sound system 7, the ambient temperature of the
loudspeaker 2, the current atmospheric pressure, the current
air humidity, the exhaust gas temperature, the engine speed,
the engine torque, as well as the airflow against the loud-
speaker that 1s to be expected from driving because of the
vehicle geometry and vehicle speed are additionally taken
into account 1n the model. In this context, for the confidence
region of air humidity and ambient temperature, the output
signal of a rain sensor of the vehicle 1s also used. The math-
ematical model can also be available 1n the form of a charac-
teristic line or table, for example, instead of 1n the form of a
formula. The anti-sound control unit 10 determines the air
humidity and the exhaust gas temperature by means of suit-
able sensors (not shown), and the engine speed, the engine
torque, the output signal of the rain sensor as well as the
vehicle speed are provided to the anti-sound control unit 10
by an engine control unit of the engine 6 via a CAN bus.

By taking into account the parameters provided by the
engine control unit via the CAN bus, 1t 1s possible to antici-
pate the future temperature development of the oscillator coil

that 1s to be expected. I the engine speed increases drasti-
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cally, for example, 1t can be expected that the exhaust gas
temperature will increase with little delay, or 1f the vehicle
speed decreases drastically, it can be expected that the cooling
of the loudspeaker by the ambient air will be reduced. This
makes 1t possible to operate the oscillator coil by taking nto
account future thermal loads as a preventative measure, since
tuture temperature increases of the oscillator coil due to exter-
nal parameters such as increased exhaust gas temperature or
reduced cooling, can be predicted. Consequently, by using the
above parameters, the mathematical model of the oscillator
coil can dynamically take into account the operational state of
the vehicle and the engine.

At the same time, the anti-sound control unit 10 1n step S3
calculates the mechanical load of a membrane and spider of
the loudspeaker 2 to be expected during operation with the
control signal, using a mathematical model of the loud-
speaker (and especially a mathematical model of the
mechanical behavior of the loudspeaker) which 1s stored in
the anti-sound control unit.

In step S4, the calculated thermal load of the oscillator coil
and the calculated mechanical load of the loudspeaker are
compared with a respective specified maximum load. For this
purpose, separate maximum loads are specified for the ther-
mal load and the mechanical load, respectively.

In the embodiment shown, this thermal maximum load 1s
specified not as a simple temperature value, but as a function
of temperature and duration. The anti-sound control unit 10
therefore takes into account the history of the load of the
oscillator coil, so that 1t 1s permaissible 1f the temperature of the
oscillator coil 1s briefly exceeded, as long as the expected
overall service life of the loudspeaker 2 1s not affected as a
result.

Also the mechanical maximum load 1s not simply a maxi-
mum deflection of the diaphragm and spider of the loud-
speaker, but rather a function of deflection and frequency of
occurrence.

If the calculated thermal load and calculated mechanical
loads are smaller or equal to the respective maximum load,
the loudspeaker 1s operated (S35) with the control signal cal-
culated by the anti-sound control unit 1n step S2.

Otherwise, 1f the calculated thermal or mechanical load 1s
greater than the maximum load, the spectrum of the control
signal 1s changed 1n step S6, in order to obtain a corrected
control signal, and the loudspeaker 2 will be operated with the
corrected control signal.

Even 1f FIG. 3 only shows one pass through the control
loop of the anti-sound control unit 10, 1t 1s obvious for one
skilled 1n the art, that this control loop will subsequently be
immediately repeated in practical applications due to a
changed spectrum of the sound conducted in the exhaust
system 3, as a result of changed engine speed, for example.

Four alternative embodiments of step S6 are shown in
FIGS. 4A, 4B, 4C and 4D.

According to a first embodiment shown 1n FIG. 4A, 1n a
first step S61, initially amplitudes of individual frequencies of
the control signal are compared with an 1nitial threshold value
stored 1n the anti-sound control unit 10.

Subsequently the amplitudes of those frequencies of the
control signal are set to zero, ol which the amplitudes are
smaller or equal to the threshold value, 1n order to obtain a
corrected control signal (562).

In the following step S63, the anti-sound control unit 10
calculates a thermal load of the oscillator coil of the loud-
speaker 2 of the anti-sound system 7 to be expected during
operation with the corrected control signal by using the math-
ematical model of the oscillator coil (and especially the math-
ematical model of the thermal behavior of the oscillator coil),
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as well as a mechanical load of a diaphragm and spider of the
loudspeaker 2 of the anti-sound system 7 to be expected
during operation with the corrected control signal by using
the mathematical model of the loudspeaker (and especially
the mathematical model of the mechanical behavior of the
loudspeaker) stored in the anti-sound control unit 10. This
calculation 1s performed analogously to the calculation 1n
step S3 from FIG. 3.

Thereafter, the calculated thermal load and the calculated
mechanical load are compared 1n step S64 with a respective
specified maximum load set 1n the anti-sound control unit 10,
depending on a loudspeaker 2 used 1n each case. This com-
parison 1s performed analogously to the comparison in step
S4 from FIG. 3.

If the calculated thermal load or calculated mechanical
load 1s greater than the respective maximum load, the thresh-
old value 1n step S66 15 increased, and the method returns to
step S61.

On the other hand, i1t the calculated thermal load and the
calculated mechanical load both are smaller than or equal to
the maximum load, the loudspeaker 2 1s operated with the
corrected control signal in step S65.

According to a second embodiment shown in FIG. 4B,
mitially frequencies of the control signal are allocated to
engine orders of the combustion engine 6 in a first step S61°.
In the illustrated embodiment, this allocation 1s performed
using multiples of the engine speed.

In the following step S62', amplitudes of those frequencies
of the control signal are set to zero, the engine order of which
1s larger than or equal to an initial threshold value that i1s
stored 1n the anti-sound control unit 10, in order to obtain a
corrected control signal.

Subsequently, a thermal load of the oscillator coil of the
loudspeaker 2 of the anti-sound system 7 to be expected
during operation with the corrected control signal 1s calcu-
lated by using the mathematical model of the oscillator coil
(and especially the mathematical model of the thermal behav-
ior of the oscillator coil) as well as a mechanical load of a
diaphragm and spider of the loudspeaker 2 of the anti-sound
system 7 to be expected during operation with the corrected
control signal 1s calculated by using the mathematical model
of the loudspeaker 2 (and especially the mathematical model
of the mechanical behavior of the loudspeaker) stored in the
anti-sound control unit 10 (S63"). This calculation 1s per-
formed analogously to the calculation 1n step S3 from FIG. 3.

In the following step S64', the calculated thermal load and
the calculated mechanical load are compared with a respec-
tive specified maximum load specified 1n the anti-sound con-
trol unit 10, depending on a loudspeaker 2 used in each case.
This comparison 1s performed analogously to the comparison
in step S4 from FIG. 3.

I1 the calculated thermal load or the calculated mechanical
load 1s greater than the maximum load, the threshold value 1s
reduced 1n step S66', before the method returns to step S61'.

Otherwise, as soon as both the calculated thermal load and
the calculated mechanical load are smaller than or equal to the
respective maximum load, the loudspeaker 2 1s operated with
the corrected control signal 1n step S65'.

According to a third embodiment shown 1n FIG. 4C, 1n1-
tially 1n a first step S61%*, using a psychoacoustical model of
the human ear, signal components of the control signal are
detected, which can be percerved either poorly ornot at all by
the human ear. In the present embodiment this detection 1s

done analogously to the ISO/IEC 11172-3 and ISO/IEC
13818-3 standard.

In the following step S62*, amplitudes of those frequencies
of the control signal are set to zero, the perceptibility of which
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by the human ear 1s smaller than or equal to a threshold value,
in order to obtain a corrected control signal.

Subsequently, a thermal load of the oscillator coil of the
loudspeaker 2 of the anti-sound system 7 to be expected
during operation with the corrected control signal 1s calcu-
lated by using the mathematical model of the oscillator coil
(and especially the mathematical model of the thermal behav-
1ior of the oscillator coil) as well as a mechanical load of a
diaphragm and spider of the loudspeaker 2 of the anti-sound
system 7 to be expected during operation with the corrected
control signal 1s calculated by using the mathematical model
of the loudspeaker 2 (and especially the mathematical model
of the mechanical behavior of the loudspeaker) stored in the
anti-sound control unit 10 (S63*). This calculation 1s per-
formed analogously to the calculation 1n step S3 from FIG. 3.

In the following step S64*, the calculated thermal load and
the calculated mechanical load are both compared with a
respective maximum load specified 1n the anti-sound control
unit 10, depending on a loudspeaker 2 used 1n each case. This
comparison 1s performed analogously to the comparison 1n
step S4 from FIG. 3.

If the calculated thermal load or the calculated mechanical
load 1s greater than the maximum load, the threshold value 1s
increased in step S66%*, before the method returns to step
S61°%*.

Otherwise, as soon as both the calculated thermal load and
the calculated mechanical load are smaller than or equal to the
maximum load, the loudspeaker 2 1n step S65* 15 operated
with the corrected control signal.

According to a fourth embodiment shown 1n FIG. 4D, in a
first step S61#, using a mathematical model of the loud-
speaker comprising the oscillator coil and especially a math-
ematical model of the vibration behavior of the loudspeaker,
signal components of the control signal are detected which
are 1n resonance range of the loudspeaker.

Subsequently, 1n step S62#, amplitudes of those signal
components of the control signal which are 1n the resonance
range of the loudspeaker are raised and increased, 1n order to
obtain a corrected control signal. In the present embodiment
this raise occurs by a specified absolute value. Alternatively,
this raise can also occur by a specified relative value the
amount of which relative value depends on the absolute value
ol the respective amplitude.

In the following step S63#, the respective expected thermal
load of the oscillator coil of the loudspeaker of the anti-sound
system when operated with the corrected control signal 1s
calculated by using the mathematical model of the oscillator
coil (and especially the mathematical model of the thermal
behavior of the oscillator coil) and an expected mechanical
load of the loudspeaker of the anti-sound system when oper-
ated with the corrected control signal 1s calculated by using a
mathematical model of the loudspeaker (and especially the
mathematical model of the mechanical behavior of the loud-
speaker).

Then, a comparison (S64#) of both the calculated thermal
load and the calculated mechanical load with a specified
maximum load follows.

If the calculated mechanical load 1s greater than the maxi-
mum load, the amplitudes of those signal components of the
control signal which are 1n the resonance range of the loud-
speaker are decreased again and therefore lowered in the
tollowing step S66#, belore steps S63# to S64# are repeated
again. In the embodiment shown, this decrease occurs by a
specified absolute value which corresponds to half of the
absolute value used for the preceding increase 1n step S62#.
Alternatively, this decrease can for example also occur by a
specified relative value depending on the value that was used
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for the value 1n step S62# for the preceding raise. What 1s
crucial 1s that the decrease 1s not the same as the preceding
increase, and vice versa.
I1 the calculated mechanical load 1s smaller than or equal to
the maximum load, but the calculated thermal load 1s still
greater than the maximum load, however, steps S62# to S64#
are repeated.
As soon as both the calculated thermal load and the calcu-
lated mechanical load are smaller than or equal to the maxi-
mum load, the loudspeaker 1s operated with the corrected
control signal (S65#).
Even 1f 1n the above embodiments described with reference
to FIGS. 4A, 4B, 4C and 4D both the thermal load of the
oscillator coil as well as the mechanical load of the loud-
speaker were considered, as a deviation thereof also only one
ol the thermal load of the oscillator coil and of the mechanical
load of the loudspeaker can be considered, and the other load
can be disregarded 1n each case.
For the sake of clear representation, only those elements,
components and functions are represented 1n the Figures that
are required to understand the present invention.
Embodiments of the mnvention are however not limited to
the 1llustrated elements, components and functions, but they
contain additional elements, components and functions, to
the extent that they are necessary for their use or their scope of
functionality.
Even 1f the invention was described above using a maxi-
mum of two control signals, the present invention 1s not
limited thereto. The mvention can rather be broadened to any
number of control signals.
While the mvention has been described with respect to
certain exemplary embodiments thereof, it 1s evident that
many alternatives, modifications and variations will be appar-
ent to those skilled in the art. Accordingly, the exemplary
embodiments of the invention set forth herein are intended to
be 1llustrative and not limiting in any way. Various changes
may be made without departing from the spirit and scope of
the present invention as defined 1n the following claims.
What 1s claimed 1s:
1. A method for controlling an anti-sound system for an
exhaust system of a vehicle operated by a combustion engine,
for generating an anti-airborne sound 1n the exhaust system
based on measured sound, 1n order to cancel airborne sound
generated by the combustion engine and conducted 1n the
exhaust system 1n the vicinity of the position 1n the exhaust
system at which the sound 1s measured at least partially and
preferably completely 1n amount and phase, the method com-
prising the steps of:
measuring sound inside the exhaust system;
calculating a control signal based on the measured sound;
calculating at least one of an expected thermal load of the
least one loudspeaker of the anti-sound system during
the operation with the control signal based on a math-
ematical model of a thermal behavior of the loudspeaker
and an expected mechanical load of the at least one
loudspeaker of the anti-sound system during the opera-
tion with the control signal based on a mathematical
model of a mechanical behavior the loudspeaker;

comparing the calculated expected thermal load or the
calculated expected mechanical load with a specified
maximum load;

operating the loudspeaker with the control signal, 1f the

calculated expected thermal load or the calculated
expected mechanical load 1s smaller than or equal to the
maximum load; and

changing a spectrum of the control signal to obtain a cor-

rected control signal 1f the calculated thermal load or the
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calculated mechanical load 1s greater than the maximum
load, and operating the loudspeaker with the corrected
control signal.

2. The method according to claim 1, wherein the step of

load; and

operating the loudspeaker with the corrected control sig-
nal, upon the calculated expected thermal load or the
calculated expected mechanical load being smaller than

16

4. The method according to claim 1, wherein the step of

changing the spectrum of the control signal comprises the
following sub-steps:

detecting signal components of the control signal that are

changing the spectrum of the control signal comprises the s perceived poorly or not at all by the human ear, using a
following .sub-steps.: o _ psychoacoustical model of the human ear;
comparing amplitudes of mdividual frequencies of the setting amplitudes of the detected signal components of the
chtr ol Slgﬂal with 4 thr§sh01d value; _ control signal, the perceptibility of which by the human
setiing ampll‘Fudes of 1.nd1V1duali fre.ql.lenues of the c.ontrol ear 1s smaller than or equal to a threshold value, to zero
signal, which amplitudes of individual frequencies are 10 . . . _
. in order to obtain a corrected control signal;
smaller than or equal to the threshold value, to zero 1n to leulatine at least F tod th {oad of the
obtain the corrected control signal; CAitidils ab Cdb OUE O1 dll ERApLLIEE T IIAT J0a8 8
: at least one loudspeaker of the anti-sound system during,
calculating at least one of an expected thermal load of the , , ,
at least one loudspeaker of the anti-sound system during operation _Wlth the corrected control 31gnal based on a
the operation with the corrected control signal based on 15 mathematical model of a ther m:-;}l behavior of the loud-
a mathematical model of a thermal behavior of the loud- speaker or an expected mechanical load of the at least
speaker and an expected mechanical load of the at least one loudspeaker of the anti-sound system during opera-
one loudspeaker of the anti-sound system, based on a tion with the corrected control signal, based on a math-
mathematical model of a mechanical behavior the loud- ematical model of a mechanical behavior the loud-
speaker; 20 speaker;
comparing the calculated expected thermal load or the comparing the calculated thermal load or calculated
calculated expected mechanical load with the specified mechanical load with the specified maximum load,;
maximum load; increasing the threshold value and repeating the sub-steps
increasing the threshold value and repeating the sub-steps of detecting signal components, setting of amplitudes,
of comparing amplitudes, setting amplitudes, calculat- 25 calculating at least one of an expected thermal load or an
ing at least one of an expected thermal load and expected expected mechanical load and comparing the calculated
mechanical load, and comparing the calculated expected thermal load or calculated mechanical load, if the calcu-
thermal load or the calculated expected mechanical load lated thermal load or the calculated mechanical load 1s
if the calculated expected thermal load or the calculated greater than the maximum load; and
expected mechanical load 1s greater than the maximum 30  operating the loudspeaker with the corrected control sig-

nal, upon the calculated thermal load or the calculated
mechanical load being smaller than or equal to the maxi-
mum load.

5. The method according to claim 1, wherein the step of

changing the spectrum of the control signal comprises the

following sub-steps:
detecting signal components of the control signal which
are 1 a resonance range of the loudspeaker, using a

or equal to the maximum load. 35
3. The method according to claim 1, wherein the step of
changing the spectrum of the control signal comprises the
tollowing sub-steps:

allocating frequencies of the control signal to engine orders

mathematical model of a vibration behavior of the loud-

of the combustion engine; 40 speaker;
setting amplitudes of those frequencies of the control sig- increasing the amplitudes of those signal components of
nal, the allocated engine order of which are greater than the control signal, which are 1n the resonance range of
or equal to a threshold value, to zero 1n order to obtain a the loudspeaker, to obtain a corrected control signal;
corrected control signal; calculating at least one of an expected thermal load of the
calculating at least one of an expected thermal load of the 45 at least one loudspeaker of the anti-sound system during
at least one loudspeaker of the anti-sound system during operation with the corrected control signal based on a
operation with the corrected control signal based on a mathematical model of a thermal behavior of the loud-
mathematical model of a thermal behavior of the loud- speaker and an expected mechanical load of the at least
speaker and an expected mechanical load of the at least one loudspeaker of the anti-sound system during opera-
one loudspeaker of the anti-sound system during opera- 50 tion with the corrected control signal, based on a math-
tion with the corrected control signal based on a math- ematical model of a mechanical behavior the loud-
ematical model of a mechanical behavior the loud- speaker;
speaker; comparing the calculated thermal load or the calculated
comparing the calculated expected thermal load or the mechanical load with the specified maximum load;
calculated mechanical expected load with the specified 55  reducing amplitudes of signal components of the control
maximum load; signal, which are 1n the resonance range of the loud-
decreasing the threshold value and repeating the sub-steps speaker and repeating the sub-steps calculating at least
of allocating frequencies, setting amplitudes, calculat- one of an expected thermal load or an expected mechani-
ing at least one of an expected thermal load and expected cal load, and comparing the calculated thermal load or
mechanical load, and comparing the calculated expected 60 the calculated mechamical load, 1 the calculated
thermal load or the calculated mechanical expected load, expected mechanical load 1s larger than the maximum
if the calculated thermal load or the calculated mechani- load, and repeating the steps of increasing the ampli-
cal load 1s greater than the maximum load; and tudes, calculating at least one of an expected thermal
operating the loudspeaker with the corrected control signal load or an expected mechanical load, and comparing the
upon the calculated expected thermal load or the calcu- 65 calculated thermal load or the calculated mechanical

lated expected mechanical load being smaller than or
equal to the maximum load.

load, 11 the calculated expected thermal load 1s greater
than the maximum load; and
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operating the loudspeaker with the corrected control sig-
nal, as soon as the calculated thermal load or the calcu-
lated mechanical load i1s smaller than or equal to the
maximum load.

6. The method according to claim 1, wherein the specified
maximum load 1s at least one of a temperature value and a
maximum deflection of a diaphragm of the loudspeaker.

7. The method according to claim 1, wherein the specified
maximum load 1s at least one of:

a Tunction of temperature and duration; and

a function of a maximum deflection of a diaphragm of the

loudspeaker and a frequency of occurrence.

8. The method according to claim 1, wherein the math-
ematical model of the thermal behavior of the loudspeaker
takes mto account at least one of the following parameters:

ambient temperature;

atmospheric pressure;

air humadity;

signal of a rain sensor;

exhaust gas temperature;

engine speed;

engine torque; and

air tlow against the loudspeaker from driving.

9. The method according to claim 2, wherein the specified
maximum load 1s at least one of a temperature value and a
maximum deflection of a diaphragm of the loudspeaker.

10. The method according to claim 2, wherein the specified
maximum load 1s at least one of:

a Tunction of temperature and duration; and

a function of a maximum deflection of a diaphragm of the

loudspeaker and a frequency of occurrence.

11. The method according to claim 2, wherein the math-
ematical model of the thermal behavior of the loudspeaker
takes mto account at least one of the following parameters:

ambient temperature;

atmospheric pressure;

air humadity;

signal of a rain sensor;

exhaust gas temperature;

engine speed;

engine torque; and

air flow against the loudspeaker from driving.

12. The method according to claim 3, wherein the specified
maximum load 1s at least one of a temperature value and a
maximum deflection of a diaphragm of the loudspeaker.

13. The method according to claim 3, wherein the specified
maximum load 1s at least one of:

a fTunction of temperature and duration; and

a function of a maximum deflection of a diaphragm of the

loudspeaker and a frequency of occurrence.

14. The method according to claim 3, wherein the math-
ematical model of the thermal behavior of the loudspeaker
takes into account at least one of the following parameters:

ambient temperature;

atmospheric pressure;

air humidity;

signal of a rain sensor;

exhaust gas temperature;

engine speed;

engine torque; and

air flow against the loudspeaker from driving.

15. The method according to claim 4, wherein the specified

maximum load 1s at least one of a temperature value and a
maximum deflection of a diaphragm of the loudspeaker.
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16. The method according to claim 4, wherein the specified
maximum load 1s at least one of:

a Tunction of temperature and duration; and

a Tunction of a maximum deflection of a diaphragm of the
loudspeaker and a frequency of occurrence.

17. The method according to claim 4, wherein the math-
ematical model of the thermal behavior of the loudspeaker
takes 1nto account at least one of the following parameters:

ambient temperature;

atmospheric pressure;

air humidity;

signal of a rain sensor;

exhaust gas temperature;

engine speed;

engine torque; and

air flow against the loudspeaker from driving.

18. The method according to claim 5, wherein the specified
maximum load 1s at least one of a temperature value and a
maximum deflection of a diaphragm of the loudspeaker.

19. The method according to claim 5, wherein the specified
maximum load 1s at least one of:

a Tunction of temperature and duration; and

a Tunction of a maximum deflection of a diaphragm of the
loudspeaker and a frequency of occurrence.

20. The method according to claim 5, wherein the math-
ematical model of the thermal behavior of the loudspeaker
takes mto account at least one of the following parameters:

ambient temperature;

atmospheric pressure;

air humidity;

signal of a rain sensor;

exhaust gas temperature;

engine speed;

engine torque; and

air tlow against the loudspeaker from driving.

21. An anti-sound system for an exhaust system of a vehicle
operated by a combustion engine, the anti-sound system com-
prising:

an anti-sound control unait;

a loudspeaker operatively connected to the anti-sound con-
trol unit for the reception of control signals, wherein the
loudspeaker 1s adapted for generating an anti-sound 1n a
sound generator which can be placed 1n a tluid connec-
tion with the exhaust system, wherein the generation of
anti-sound by the loudspeaker 1s dependant upon a con-
trol signal received by the loudspeaker from the anti-
sound control unit; and

an error microphone operatively connected with the anti-
sound control unit and arranged in a position of the
exhaust system with reference to exhaust gas tlow situ-
ated 1n the vicimity of the fluid connection between the
sound generator and the exhaust system, wherein the
error microphone 1s adapted to measure sound within the
exhaust system, and to provide a corresponding output
measuring signal to the anti-sound control unit;

wherein the anti-sound control unit 1s adapted to execute
the steps of:

measuring sound 1nside the exhaust system:;

calculating a control signal based on the measured sound;

calculating at least one of an expected thermal load of the
least one loudspeaker of the anti-sound system during
the operation with the control signal based on a math-
ematical model of a thermal behavior of the loudspeaker
and an expected mechanical load of the at least one
loudspeaker of the anti-sound system during the opera-
tion with the control signal based on a mathematical
model of a mechanical behavior the loudspeaker;
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comparing the calculated expected thermal load or calcu-
lated expected mechanical load with a specified maxi-
mum load;

operating the loudspeaker with the control signal, it the
expected calculated thermal load or the calculated
expected mechanical load 1s smaller than or equal to the
maximum load; and

changing a spectrum of the control signal to obtain a cor-

rected control signal 11 the calculated thermal load or the
calculated mechanical load 1s greater than the maximum
load, and operating the loudspeaker with the corrected
control signal.

22. A motorized vehicle comprising:

a combustion engine;

an exhaust system, which 1s in fluid connection with the
combustion engine; and

an anti-sound system for the exhaust system, the anti-
sound system comprising:

an anti-sound control unit;

a loudspeaker operatively connected to the anti-sound con-
trol unit for the reception of control signals, wherein the
loudspeaker 1s adapted for generating an anti-sound 1n a
sound generator which can be placed 1n a fluid connec-
tion with the exhaust system, wherein the generation of
anti-sound by the loudspeaker 1s dependant upon a con-
trol signal received by the loudspeaker from the anti-
sound control unit; and

an error microphone operatively connected with the anti-
sound control unit and arranged in a position of the
exhaust system with reference to exhaust gas tlow situ-
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ated 1n the vicinity of the fluid connection between the
sound generator and the exhaust system, wherein the
error microphone 1s adapted to measure sound within the
exhaust system, and to provide a corresponding output
measuring signal to the anti-sound control unit;

wherein the anti-sound control unit 1s adapted to execute
the steps of:

measuring sound inside the exhaust system;

calculating a control signal based on the measured sound;

calculating at least one of an expected thermal load of the
least one loudspeaker of the anti-sound system during
the operation with the control signal based on a math-
ematical model of a thermal behavior of the loudspeaker
and an expected mechanical load of the at least one
loudspeaker of the anti-sound system during the opera-
tion with the control signal based on a mathematical
model of a mechanical behavior the loudspeaker;

comparing the calculated expected thermal load or calcu-
lated expected mechanical load with a specified maxi-
mum load;

operating the loudspeaker with the control signal, 1f the
expected calculated thermal load or the calculated
expected mechanical load 1s smaller than or equal to the
maximum load; and

changing a spectrum of the control signal to obtain a cor-
rected control signal 11 the calculated thermal load or the
calculated mechanical load 1s greater than the maximum
load, and operating the loudspeaker with the corrected
control signal.
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